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Effects of anomalous magnetic moment of quarks on the dilepton production from hot and dense
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Dilepton production rate (DPR) from hot and dense quark matter is studied in the presence of an arbitrary
external magnetic field using the 2-flavour Nambu–Jona-Lasinio (NJL)model. The anomalous magnetic moment
(AMM) of the quarks is taken into consideration while calculating the constituent quark mass as well as the
DPR from the thermo-magnetic medium. An infinite number of quark Landau levels is incorporated so that no
approximations are made on the strength of the background magnetic field. The analytic structure of the two
point vector current correlation function in the complex energy plane reveals that, in addition to the usual Unitary
cut, a non-trival Landau cut appears in the physical kinematic domains solely due to the external magnetic field.
Moreover, these kinematic domains of the Unitary and Landau cuts are found to be significantly modified due
to the AMM of the quarks. With finite AMM of the quarks, for certain values of the external magnetic field, the
kinematically forbidden gap between the Unitary and Landau cuts are shown to vanish leading to the generation
of a continuous spectrum of dilepton emission over the whole invariant mass region not observed earlier.
I. INTRODUCTION
The study of “strongly” interacting nuclear matter under extreme conditions of high temperature and/or density along with the
strong external electromagnetic field has gained intensity in contemporary research over the past few years [1]. Such non-trivial
background is expected to lead to a large number of interesting physical phenomena [1–4] owing to the rich vacuumstructure of the
underlying Quantum Chromodynamics (QCD), e.g. the Chiral Magnetic Effect (CME) [5–8], Magnetic Catalysis (MC) [9–12],
Inverse Magnetic Catalysis (IMC) [13, 14], Chiral Vortical Effect (CVE), vacuum superconductivity and superfluidity [15, 16]
etc. Significant research efforts on these topics is also made in the context of astrophysical and cosmological studies [17–24].
In recent studies [6, 25], it is revealed that, in a non-central or asymmetric Heavy Ion Collision (HIC) experiment, extremely
strong magnetic fields of the order ≈ 1018 Gauss or larger are transiently created [6]. However, high values of the electrical
conductivity of the medium could possibly make it sustain longer than thought earlier [26]. Apart from this, existence of magnetic
field ∼ 1015 Gauss has been conjectured in the interior of certain astrophysical objects called magnetars [17, 27]. Besides these,
in the early universe during electroweak phase transition, the magnetic field as high as ≈ 1023 Gauss [28, 29] might have been
produced. The magnitude of the magnetic field being comparable to the typical QCD energy scale (eB ∼ Λ2
QCD
), the bulk as
well as microscopic properties of the QCD matter could be non-trivially modified under such a strong external magnetic field.
Thus, apart from the theoretical intricacies, there also exists the possibility of an experimental verification.
The large value of the QCD coupling constant in low energy regime puts huge constraints and complexities on the first principle
calculations. The non-perturbative aspects of QCD at intermediate temperatures (comparable to the QCD scale) and low baryonic
density can be best addressed in Lattice QCD simulations [30–36]. It is also worthwhile to mention that recent investigations on
the matter produced in HIC experiments is strongly interacting [37–44] which for the above mentioned reasons can not be dealt
with perturbative-QCD.As an alternative, the effective models carrying some of the essential features of QCD aremathematically
tractable and thus extensively used for the study of QCD matter in the low energy regime. The Nambu–Jona-Lasinio (NJL)
model [45, 46] is one the most successful effective models (see [47–50] for reviews) which provides a useful scheme to probe
the vacuum structure of QCD at finite temperature and density. The studies of the non-perturbative properties of the QCD
vacuum have been extensively performed using the NJL model as it respects the global symmetries of QCD, most importantly
the chiral symmetry. The chiral phase transition in the NJL model in presence of external magnetic field is studied earlier in
Refs [10–12, 51–57].
It has been indicated Ref. [58], that the Anomalous Magnetic Moment (AMM) of the nucleons increases the level of pressure
anisotropies for a system of proton and neutrons. Also in Ref. [59], the vacuum to nuclear matter phase transition has been
studied using the Walecka model in presence of weak external magnetic field including the AMM of the nucleons. Recently in
Refs. [60, 61], the effect of the AMM of the quarks are studied in the NJL model. In both the Refs. [60, 61], the dependence of
the constituent quark mass on temperature (T ), chemical potential (µB), magnetic field (eB) and AMM (κ) of the quarks were
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2studied and the complete phase potrait of the model in the parameter space {T, µB, eB, κ} was explored. Moreover IMC was
reported when the AMM of the quarks are taken into consideration.
The medium formed in a HIC experiment is a ‘transient’ state that exists for a very short time (∼ few fm/c) and this can not
be observed directly. There are various indirect probes and observables [62] that are used to extract the microscopic as well as
bulk properties of QCD matter such as electromagnetic probes (photon and dileptons) [63–72], heavy quarks [73], collective
flow [41, 74–78], quarkonia [79], jets [80] and so on. The study of different n-point current-current correlation functions or the
in-medium spectral functions of local currents could be an important theoretical tool to probe the microscopic properties of the
medium. One such is the electromagnetic spectral function, which is obtained from the vector-vector current correlator. The
vector current correlator can also be related to the Dilepton Production Rate (DPR) from the hot and dense magnetized medium.
Unlike the ‘strong’ probes, the dileptons are emitted from the entire space-time volume of the medium evolution. Since the
dileptons interact only through the electromagnetic interaction owing to their larger mean free paths than the system size, they
come out of the thermal medium soon after their production without suffering more collisions. Therefore, the dileptons carry the
information of the exact thermodynamic state of the medium where they are produced.
The DPR in the presence of external magnetic field has been studied quite extensively in [81–89]. In Refs. [81, 82], the authors
have obtained the DPR from hot magnetized Quark Gluon Plasma (QGP) in a phenomenological way including the effects of
synchrotron radiation as well as quark-antiquark annihilation. In Ref. [83], the Ritus formalism has been used to calculate
the photon polarization tensor and DPR under external magnetic field. The DPR in strong as well as in weak magnetic field
approximations has been reported in Refs. [85, 86]. In Ref. [87], the DPR in presence of arbitrary external magnetic field has
been calculated employing the Effective fugacity Quasi-Particle Model (EQPM) in which the effect of strong interactions are
captured in the temperature dependent fugacities of the partons. In Ref. [88], the DPR has been obtained in the lowest landau
level (LLL) approximation using the 2-flavour NJL and Polyakov-NJL model. In Ref. [89], the authors have used Hard Thermal
Loop (HTL) resumed thermo-magnetic quark propagator to estimate the DPR from weakly magnetized hot QCD medium and
found marginal modification in the DPR due to the weak magnetic field.
In this work, we aim to calculate the DPR using the 2-flavour NJL model in presence of arbitrary external magnetic field
at finite temperature and baryon density incorporating the AMM of the quarks. The Real Time Formalism (RTF) of finite
temperature field theory and the full Schwinger proper time propagator (with the AMM of the charged fermions) including all the
Landau levels are used to calculate the current-current correlator in the vector channel in a thermo-magnetic dense medium. The
temperature, density and magnetic field dependent effective quark mass calculated from the NJL model is used in the expression
of the DPR. Moreover, no approximation like strong or weak magnetic field has been made in the analysis as usually done in most
of the works in the literature. We have shown that, the DPR at non-zero magnetic field have contributions both from the Unitary
as well as the Landau cuts corresponding to the physical time-like and positive energy dilepton production. The Unitary cuts
(corresponding to the decay/formation processes) are also present at zero temperature and zero external magnetic field whereas
the non-trivial Landau cuts (corresponding to the scattering processes) in the time-like domain appear only at finite temperature
and due to the non-zero external magnetic field. In particular, the Landau cuts lead to the physical processes as time-like positive
energy photon emission or absorption by a quark/antiquark in magnetized hot quark matter which is forbidden in zero magnetic
field case due to kinematic constraint. Moreover, upon analyzing the analytic structure of the two-point vector current correlator,
we have shown that the thresholds of the Unitary and Landau cuts have non-trivial dependence on the magnetic field as well
as on the AMM of the quarks. The DPR obtained is found to be largely enhanced in the low invariant mass region due to the
appearance of the Landau cuts. Also the introduction of the AMM of the quarks leads a significant enhancement of DPR as
compared to the zero AMM case.
The paper is organized as follows. In Sec. II along with its two subsections, the DPR is obtained at both zero and non-zero
external magnetic field case. Sec. III is devoted to estimate the constituent quark mass using the NJL model. In Sec. IV we show
our numerical results and finally summarize and conclude in Sec. V.
II. DILEPTON PRODUCTION RATE
In order to calculate the dilepton production rate (DPR) from hot and dense magnetized QCD medium, we use the standard
prescriptions as given in Refs. [86, 87, 90] from which, for completeness we briefly sketch the important steps here. Let us
consider an initial state of quark/antiquark |i〉 = |I(pI)〉 containing a quark/antiquark with momentum pI going to a final state
| f 〉 = |F (pF), l
+(p+)l
−(p−)〉 which contains a quark/antiquark of momentum pF plus a pair of leptons of momenta p+ and p−
respectively. The probability amplitude for the transition |i〉 → | f 〉 is |〈 f |Sˆ |i〉|2 where Sˆ is the scattering matrix given by
Sˆ = T
[
exp
{
i
∫
Lint(x)d
4x
}]
(1)
in which T is the time-ordering symbol and
Lint(x) = j
µ(x)Aµ(x) + J
µ(x)Aµ(x) (2)
3is the local interaction Lagrangian (density). We will be using metric tensor with signature gµν = diag(1,−1,−1,−1). In the
above equation jµ(x) and Jµ(x) are respectively the conserved vector currents corresponding to leptons and quarks which couple
to the photon field Aµ(x). An expansion of |〈 f |Sˆ |i〉|2 up to second order in perturbation series, after some simplifications,
yields [87]
|〈 f |Sˆ |i〉|2 =
∫ ∫
d4x′d4xei(p++p−)·x
′ 1
(p+ + p−)4
〈
l+(p+)l
−(p−) | j
µ(0)| 0
〉 〈
0
 jν†(0) l+(p+)l−(p−)〉〈
F (pF)
Jµ(x′)I(pI)〉 〈I(pI) J†ν (0)F (pF)〉 . (3)
The dilepton multiplicity is then obtained from the following expression
N =
1
Z
∑
spins
∫
d3p+
(2pi)32p0
+
∫
d3p−
(2pi)32p0−
∑
I,F
exp
(
−p0I/T
)
|〈 f |Sˆ |i〉|2 (4)
whereZ is the partition function of the system and the sum refers to sum over all leptonic spin configuration. Substituting Eq. (3)
into Eq. (4), we get, after some calculations,
N =
∫
d4x
∫
d4q
(2pi)4
e−q
0/T 1
q4
W+µν(q)L
µν
+
(q) (5)
where,
W
µν
+
(q) =
∫
d4xeiq ·x
〈
Jµ(x)Jν†(0)
〉
, (6)
L
µν
+
(q) =
∫
d4xeiq ·x
〈
0
 jν†(x) jµ(0) 0〉 (7)
in which 〈...〉 represents the ensemble average. Therefore the DPR is obtained from Eq. (5) as
DPR =
dN
d4xd4q
=
1
(2pi)4
e−q
0/T
q4
W+µν(q)L
µν
+
(q). (8)
Note that, both the W
µν
+
(q) and L
µν
+
(q) in Eqs. (6) and (7) contain the Fourier transform of the two-point current-current
correlation functions. However, it is more useful to express them in terms of the time-ordered correlators for which Eqs. (6) and
(7) can be rewritten as
W
µν
+
(q) =
(
1
1 + e−q
0/T
)
2ImW
µν
11
(q) , (9)
L
µν
+
(q) = 2ImLµν(q) (10)
where,
W
µν
11
(q) = i
∫
d4xeiq ·x
〈
TC J
µ(τ, ®x)Jν†(0, ®0)
〉
11
, (11)
Lµν(q) = i
∫
d4xeiq ·x
〈
0
T jν†(x) jµ(0)0〉 (12)
in which, TC refers to the time ordering with respect to the symmetric Schwinger-Keldysh complex time contour used in the
RTF of finite temperature field theory as shown in Fig. 1: the subscript 11 in Eq. (11) implies that the two points are on the real
horizontal segment ‘(1)’ of the contour C in which case TC reduces to the ordinary time ordering denoted by T . The quantities
W
µν
11
(q) and Lµν(q) are termed as matter and lepton tensors respectively. Substituting Eqs. (9) and (10) in Eq. (8), one obtains
DPR =
dN
d4xd4q
=
1
4pi4q4
(
1
eq
0/T
+ 1
)
ImW
µν
11
(q)ImLµν(q). (13)
Our next task is to calculate the quantitiesW
µν
11
(q) and Lµν(q) for which we now require the explicit form of the currents Jµ(x)
and jµ(x). They are given by
Jµ(x) = eΨ(x)QˆγµΨ(x) , (14)
jµ(x) = −eψ(x)γµψ(x) (15)
4Figure 1. The symmetric Schwinger-Keldysh contour C in the complex time plane used in the Real Time Formalism with t0 →∞ and β = 1/T .
The labels ‘(1)’ and ‘(2)’ refer to the two horizontal segments of the contour.
where,Ψ =
(
u
d
)
is the 2-flavour quark isospin doubletwith uand d being respectively the up and down quarkfields,Qˆ = 1
3
(
2 0
0 −1
)
,
ψ is the lepton field and e is the electric charge of a proton. Substituting Eqs. (14) and (15) into Eqs. (11) and (12) followed by
using Wick’s theorem, we get, after some simplifications,
W
µν
11
(q) = i
∫
d4k
(2pi)4
Trd,f,c
[
γµQˆS11(p = q + k)γ
νQˆS11(k)
]
, (16)
Lµν(q) = ie2
∫
d4k
(2pi)4
Trd [γ
νS(p = q + k)γµS(k)] (17)
where the subscript ‘d’, ‘f’, and ‘c’ in the trace correspond to trace over Dirac, flavour and color spaces respectively; S11(p) is the
11-component of the real time quark propagator and S(k) is the vacuum lepton Feynman propagator given by
S(p) =
−(✁p + mL)
p2 − m2
L
+ iε
(18)
with mL being the mass of the lepton. It is to be noted that, both the matter tensorW
µν
11
(q) and the leptonic tensor Lµν(q) are
transverse to the momentum qµ i.e.
qµW
µν
11
(q) = qµL
µν(q) = 0 (19)
which is a consequence of the conservation of the currents Jµ(x) and jµ(x): ∂µJ
µ(x) = ∂µ j
µ(x) = 0. We now consider the two
separate cases: (i) zero external magnetic field (B = 0) and (ii) non-zero external magnetic field (B , 0) in order to calculate the
DPR in the following subsections.
A. DPR AT B = 0
At B = 0, the transversility condition qµL
µν(q) of Eq. (19) implies that the Lorentz structure of Lµν(q) must be of the form:
Lµν(q) =
(
g
µν −
qµqν
q2
) (
1
3
gαβL
αβ
)
. (20)
Substituting the above equation in Eq. (13), and making use of qµW
µν
11
(q) = 0 we get the DPR at B = 0 as
DPRB=0 =
(
dN
d4xd4q
)
B=0
=
1
12pi4q4
(
1
eq
0/T
+ 1
)
gµνImW
µν
11
(q)gαβImL
αβ(q). (21)
The calculation of gαβImL
αβ(q) is straightforward for which we substitute Eq. (18) into Eq. (17) and get, after some algebra,
gαβImL
αβ(q) =
−e2
4pi
q2
(
1 +
2m2
L
q2
) (
1 −
4m2
L
q2
)1/2
Θ
(
q2 − 4m2L
)
. (22)
5On the other hand, in order to calculate gµνImW
µν
11
(q), we note that the 11-component of the real time thermal quark propagator
is
S11(p, M) = (✁p + M)
[
−1
p2 − M2 + iε
− 2piiη(p · u)δ(p2 − M2)
]
⊗ 1Flavour ⊗ 1Colour (23)
where, M is the constituent quark mass, uµ is the four-velocity of the thermal bath, η(x) = Θ(x) f +(x) + Θ(−x) f −(−x),
f ±(x) =
[
exp
(
x ∓ µB/3
T
)
+ 1
]−1
(24)
and µB is the baryon chemical potential. In the local rest frame (LRF) of the medium, u
µ
LRF
≡ (1, ®0). Substitution of Eq. (23)
into Eq. (16) yields, after some simplifications,
gµνImW
µν
11
(q) = Nc
∑
f ∈{u,d}
e2f pi
∫
d3k
(2pi)3
1
4ωkωp
[ {
1 − f −(ωk) − f
+(ωp) + 2 f
−(ωk) f
+(ωp)
}
N(k0 = −ωk)δ(q
0 − ωk − ωp)
+
{
1 − f +(ωk) − f
−(ωp) + 2 f
+(ωk) f
−(ωp)
}
N(k0 = ωk)δ(q
0
+ ωk + ωp)
+
{
− f −(ωk) − f
−(ωp) + 2 f
−(ωk) f
−(ωp)
}
N(k0 = −ωk)δ(q
0 − ωk + ωp)
+
{
− f +(ωk) − f
+(ωp) + 2 f
+(ωk) f
+(ωp)
}
N(k0 = ωk)δ(q
0
+ ωk − ωp)
]
(25)
where, eu = 2e/3, ed = −e/3, ωk =
√
®k2 + M2, ωp =
√
®p2 + M2 =
√
( ®q + ®k)2 + M2 and N(q, k) = 8(k2 + q · k − 2M2). The
terms with the four different Dirac delta functions appearing in the above equation correspond to different physical processes
giving rise to the branch cuts ofW
µν
11
(q) in the complex q0 plane. The first delta function is the Unitary-I cut which corresponds
to the contribution from quark-antiquark annihilation to a time-like virtual photon produced with positive energy (and the time
reversed process as the decay of the photon to the quark-antiquark pair). The term with the second delta function is the Unitary-II
cut which corresponds to the quark-antiquark-photon annihilation to vacuum (and the time reversed process as the vacuum to
quark-antiquark-photon transition) in which the virtual photon is time-like but carries negative energy. Similarly, the terms with
the last two delta functions (called the Landau cuts) correspond to the scattering processes where a quark/antiquark absorbs a
space-like virtual photon (and the corresponding time reversed process as the emission of the photon by the quark/antiquark).
Each of the Dirac delta functions contributes in their respective kinematic domains as shown in Fig. 2. The kinematic domains for
the Unitary-I and Unitary-II cuts are respectively
√
®q2 + 4M2 < q0 < ∞ and −∞ < q0 < −
√
®q2 + 4M2 whereas the same for the
Landau cuts is |q0 | < | ®q |. We restrict ourselves to the physical dileptons of positive total energy and time-like four-momentum
i.e. q0 > 0 and q2 > 0 for which only the Unitary-I cut contributes as shown by the red region in Fig. 2.
Figure 2. (Color Online) The branch cuts ofW
µν
11
(q) in the complex q0 plane for a given ®q. The red region corresponds to kinematic domain
for the physical dileptons production defined in terms of q0 > 0 and q2 > 0.
Evaluating the angular integrals of Eq. (25), using the first Dirac delta function, we get for q0 > 0 and q2 > 0:
gµνImW
µν
11
(q) = Θ
(
q2 − 4M2
) ∑
f ∈{u,d}
Nce
2
f
16pi | ®q |
∫ ω+
ω−
dωk
{
1 − f −(ωk) − f
+(ωp) + 2 f
−(ωk) f
+(ωp)
}
N(k0 = −ωk)

θ=θ0
(26)
where, ω± =
1
2q2
[
q0q2 ± | ®q |λ1/2(q2, M2, M2)
]
, θ is the angle between ®q and ®k and θ0 = cos
−1
(
q2−2q0ωk
2 | ®q | | ®k |
)
with λ(x, y, z) being
the Källén function. Evaluating the remaining dωk integral of Eq. (26) we arrive at
gµνImW
µν
11
(q) = −Θ
(
q2 − 4M2
)
Nc
(
e2u + e
2
d
) Tq2
4pi | ®q |
coth
(
q0
2T
) (
1 +
2M2
q2
)
ln
[{
e(q
0
+q−)/T
+ 1
e(q
0
+q+)/T + 1
} (
eq+/T + 1
eq−/T + 1
)]
(27)
6where, q± = −
1
2
[
q0 ± | ®q |
√
1 − 4M
2
q2
]
+ µB/3. Finally substituting Eqs. (22) and (27) into Eq. (21) we arrive at the following
analytical expression for the DPR
DPRB=0 =
(
dN
d4xd4q
)
B=0
= Θ
(
q2 − 4m2L
)
Θ
(
q2 − 4M2
)
Nc
e2(e2u + e
2
d
)
192pi6
T
| ®q |
(
1
eq
0/T − 1
)
(
1 +
2m2
L
q2
) (
1 −
4m2
L
q2
)1/2 (
1 +
2M2
q2
)
ln
[{
e(q
0
+q−)/T + 1
e(q
0
+q+)/T + 1
} (
eq+/T + 1
eq−/T + 1
)]
(28)
which agrees with the expression for the Born rate of dilepton production of Ref. [91]. It is to be noted that, the presence of the
step functions in the above equation restricts the production of dileptons with invariant mass q2 < 4m2
L
and q2 < 4M2.
B. DPR AT B , 0
Let us now consider a constant magnetic field B in the positive z-direction. The presence of external magnetic field will
break the rotational symmetry and thus any four vector aµ can be decomposed as aµ = (a
µ
‖
+ a
µ
⊥) where a
µ
‖
= g
µν
‖
aν and
a
µ
⊥ = g
µν
⊥ aν; the corresponding decomposition of the metric tensor reads g
µν
= (g
µν
‖
+ g
µν
⊥ ) with g
µν
‖
= diag(1, 0, 0,−1) and
g
µν
⊥ = diag(0,−1,−1, 0).
For simplicity in the analytical calculations, we take the resultant transverse momentum of the dileptons to be zero i.e. q⊥ = 0.
Therefore, the transversility condition q
µ
‖
Lµν(q‖) = 0 of Eq. (19) enforces that the Lorentz structure of L
µν(q‖) has to be of the
form:
Lµν(q‖) =
(
g
µν
‖
−
q
µ
‖
qν
‖
q2
‖
) (
g
αβ
‖
Lαβ
)
+ g
µν
⊥
(
1
2
g
αβ
⊥ Lαβ
)
. (29)
Substituting the above equation in Eq. (13), and making use of q‖µW
µν
11
(q‖) = 0 we get the DPR at B , 0 as
DPRB,0 =
(
dN
d4xd4q
)
B,0
=
1
4pi4q4
‖
(
1
eq
0/T
+ 1
) [
g
µν
‖
ImW11µν (q‖) g
αβ
‖
ImLαβ(q‖) +
1
2
g
µν
⊥ ImW
11
µν (q‖) g
αβ
⊥ ImLαβ(q‖)
]
.(30)
Let us now proceed to calculate the four quantities g
µν
‖,⊥
ImW11µν (q‖) and g
µν
‖,⊥
ImLµν(q‖) which appear within the third bracket of
the above equation. First we note that, the 11-component of the thermo-magnetic quark propagator becomes
S11(p) =
(
Su
11
(p) 0
0 Sd
11
(p)
)
⊗ 1Colour. (31)
in which, unlike Eq. (23), the diagonal elements (corresponding to up and down quark) have become different due to the presence
of the external magnetic field. In the above equation,
S
f
11
(p) =
∑
s∈{±1}
∞∑
n=0
D
f
ns(p)

−1
p2
‖
− (M
f
n − sκ f B)2 + iε
− 2piiη(p · u)δ
(
p2‖ − (M
f
n − sκ f B)
2
) (32)
where M
f
n =
√
M2 + 2n|e f B |, κ f is the anomalous magnetic moment of quark flavour f ∈ {u, d} and
D
f
ns(p) = (−1)
ne−α
f
p
1
2M
f
n
(1 − δ0nδ
−1
s )
[
(M
f
n + sM)(✁p ‖ − κ f B + sM
f
n )
(
1 + sign(e f )iγ
1γ2
)
Ln(2α
f
p)
−(M
f
n − sM)(✁p ‖ − κ f B − sM
f
n )
(
1 − sign(e f )iγ
1γ2
)
Ln−1(2α
f
p)
−4s
(
✁p ‖ − sign(e f )iγ
1γ2(κ f B − sM
f
n )
)
sign(e f )iγ
1γ2✁p⊥L
1
n−1(2α
f
p)
]
(33)
in which α
f
p = −p
2
⊥/|e f B |.
Few comments on the AMM of the quarks are in order here. The AMM of a particle may have different origin apart from
having an internal structure. For example, it is well known from Quantum Electrodynamics (QED) that, the electron, although
being an elementary particle having no internal structure, possesses AMMdue to the quantum corrections. The Landé g-factor of
the electron comes out to be 2+α/pi upto one-loop in QEDwhere α is the fine structure constant. A simpler way of understanding
7the existence of the AMM of electron with charge e is as follows. When the electrons are coupled to the photons via the minimal
coupling, the ordinary derivatives (∂µ) are modified to the covariant derivatives
∂µ → Dµ = ∂µ + ieAµ (34)
where Aµ is the photon field. In that case, the Dirac equation can be recast as [92, 93][
DµD
µ
+ g
e
4
Fµνσµν + m
2
]
ψ = 0 (35)
where, Fµν = (∂µAν−∂νAµ) is the electromagnetic field strength tensor andσµν = i[γµ, γν]/2. In the above equation, the second
term within the square bracket corresponds to a magnetic dipole moment and the Dirac equation predicts that g = 2. However,
there can be an anomalous contribution to g, which comes from the quantum fluctuations viz. higher order loop correction to
the QED vertex that has the same effect as an additional Fµνσµν term.
Quarks, being charged fermions, similar loop corrections lead to the AMM of quarks. But, the non-perturbative nature
of Quantum Chromodynamics (QCD) forbids one to perform a first principle analytical calculation to extract the anomalous
contribution to g. As an alternative, in this work, we have taken the values of the AMM of quarks calculated using the constituent
quark model (CQM) [60, 94]. In CQM, the experimental values of the nucleons AMM are used to extract the AMM of the
quarks.
As the quarks carry non-zero AMM, it is justified to consider the AMM of the quarks while calculating the matrix elements
which will lead to an explicit AMM dependence in the DPR (since the quark propagator now has explicit AMM dependence).
Moreover, to capture the effect of ‘strong’ interaction in the DPR from the hot and dense magnetized medium, we will be
using the NJL model which gives the effective quark mass M as a function of temperature (T ), baryon chemical potential
(µB), magnetic field (eB) as well as AMM (κ) of the quarks naively incorporating the non-perturbative aspects of QCD. As the
M = M(T, µB, eB, κ) will go as an input in the expression of the DPR, an implicit AMM dependence in DPR will also come
through the κ dependence of M.
Substituting Eq. (32) into Eq. (16), we get after some simplifications
g
µν
‖,⊥
ImW11µν (q‖) = Nc
∑
f ∈{u,d}
e2f
∑
sk ∈{±1}
∑
sp ∈{±1}
∞∑
l=0
∞∑
n=0
pi
∫
d3k
(2pi)3
1
4ω
l f
k
ω
nf
p
×
[ {
1 − f −(ω
l f
k
) − f +(ω
nf
p ) + 2 f
−(ω
l f
k
) f +(ω
nf
p )
}
N
f ln
‖,⊥
(k0 = −ω
l f
k
)δ(q0 − ω
l f
k
− ω
nf
p )
+
{
1 − f +(ω
l f
k
) − f −(ω
nf
p ) + 2 f
+(ω
l f
k
) f −(ω
nf
p )
}
N
f ln
‖,⊥
(k0 = ω
l f
k
)δ(q0 + ω
l f
k
+ ω
nf
p )
+
{
− f −(ω
l f
k
) − f −(ω
nf
p ) + 2 f
−(ω
l f
k
) f −(ω
nf
p )
}
N
f ln
‖,⊥
(k0 = −ω
l f
k
)δ(q0 − ω
l f
k
+ ω
nf
p )
+
{
− f +(ω
l f
k
) − f +(ω
nf
p ) + 2 f
+(ω
l f
k
) f +(ω
nf
p )
}
N
f ln
‖,⊥
(k0 = ω
l f
k
)δ(q0 + ω
l f
k
− ω
nf
p )
]
(36)
where, ω
l f
k
=
√
k2z + (Ml − sk κ f B)
2, ω
nf
p =
√
p2z + (Mn − spκ f B)
2 and
N
f ln
‖,⊥
(q‖, k ‖) = g
µν
‖,⊥
Trd
[
γµD
f
nsp (p = q + k)γ
ν
D
f
lsk
(k)
]
. (37)
Alike Eq. (25), Eq. (36) also contains four Dirac delta functions corresponding to Unitary and Landau cuts. However, because
Figure 3. (Color Online) The branch cuts of W
µν
11
(q‖ ) in the complex q
0 plane for a given qz and B. The points qU and qL refer to
qU =
√
q2z + 4 (M − κuB)
2 and qL =
√
q2z +
(√
M2 + 2|euB | + κuB − |M − κuB |
)2
. The red region corresponds to the physical dileptons
defined in terms of q0 > 0 and q2
‖
> 0.
8of the external magnetic field and the non-zero AMM of the quarks, the kinematic domains for the cuts are largely modified as
discussed in Refs. [95, 96]. Analyzing Eq. (36), we find that, the kinematic domains for the Unitary-I and Unitary-II cuts are
respectively
√
q2z + 4 (M − κuB)
2 < q0 < ∞ and −∞ < q0 < −
√
q2z + 4 (M − κuB)
2. The kinematic domain for the Landau cuts
comes out to be
|q0 | <
√
q2z +
(√
M2 + 2|euB | + κuB − |M − κuB |
)2
. (38)
The analytic structure ofW
µν
11
(q‖) in presence of external magnetic field is shown in Fig. 3. Considering the physical dileptons
with positive total energy and time-like resultant momentum defined in terms of q0 > 0 and q2
‖
> 0 (shown as red region in
Fig. 3), we find that the Unitary-II cut does not contribute. Moreover, unlike the B = 0 case, it is interesting to notice that a portion
of the Landau cut also contributes to the physical region q0 > 0 and q2
‖
> 0 . Physically it corresponds to the emission/absorption
of time-like virtual photon with positive energy by a quark/antiquark which changes its Landau level by unity (i.e. the quark in
the Landau level l goes to the Landau level (l ± 1) after absorbing/emitting the photon). The appearance of the Landau cut in the
physical region will have consequences and will lead to the enhancement of dilepton yields in the low invariant mass region.
Next, we analytically evaluate the d2k⊥ integral of Eq. (36) by using the orthogonality of the Laguerre polynomials appearing
in Eq. (37) followed by the evaluation of the remaining dkz integral using the Dirac delta functions. This leads to the following
analytic expression
g
µν
‖,⊥
ImW11µν (q‖) = Nc
∑
f ∈{u,d}
e2f
∑
sk ∈{±1}
∑
sp ∈{±1}
∞∑
l=0
(l+1)∑
n=(l−1)
∑
kz ∈{k
±
z }
1
4
λ−
1
2
(
q2‖, M
2
l f sk
, M2nf sp
)
×
[ {
1 − f −(ω
l f
k
) − f +(ω
nf
p ) + 2 f
−(ω
l f
k
) f +(ω
nf
p )
}
N˜
f ln
‖,⊥
(k0 = −ω
l f
k
)Θ
(
q0 −
√
q2z + (Ml f sk + Mnf sp )
2
)
+
{
1 − f +(ω
l f
k
) − f −(ω
nf
p ) + 2 f
+(ω
l f
k
) f −(ω
nf
p )
}
N˜
f ln
‖,⊥
(k0 = ω
l f
k
)Θ
(
−q0 −
√
q2z + (Ml f sk + Mnf sp )
2
)
+
{
− f −(ω
l f
k
) − f −(ω
nf
p ) + 2 f
−(ω
l f
k
) f −(ω
nf
p )
}
N˜
f ln
‖,⊥
(k0 = −ω
l f
k
)Θ
(
−q0 − qmin
)
Θ
(
q0 + qmax
)
+
{
− f +(ω
l f
k
) − f +(ω
nf
p ) + 2 f
+(ω
l f
k
) f +(ω
nf
p )
}
N˜
f ln
‖,⊥
(k0 = ω
l f
k
)Θ
(
q0 − qmin
)
Θ
(
−q0 + qmax
) ]
(39)
where
N˜
f ln
‖
(q‖, k ‖) =
|e f B |
2pi
1
M
f
l
M
f
n
(1 − δ0l δ
−1
sk
)(1 − δ0nδ
−1
sp
)(M
f
l
− sk κ f B)(M
f
n − spκ f B)
×
[
−4|e f B |nδ
n−1
l−1 − δ
n−1
l−1 (M − skM
f
l
)(M − spM
f
n ) − δ
n
l (M + skM
f
l
)(M + spM
f
n )
]
, (40)
N˜
f ln
⊥ (q‖, k ‖) = −
|e f B |
2pi
1
M
f
l
M
f
n
(1 − δ0l δ
−1
sk
)(1 − δ0nδ
−1
sp
)
[
sk sp(k
2
‖ + q‖ · k ‖) + (M
f
l
− sk κ f B)(M
f
n − spκ f B)
]
×
[
δnl−1(M − sk M
f
l
)(M + spM
f
n ) − δ
n−1
l (M + skM
f
l
)(M − spM
f
n )
]
(41)
in which
Ml f sk = |M
f
l
− sk κ f B | (42)
is the AMM dependent effective quark mass and
k±z =
1
2q2
‖
[
−qz(q
2
‖ + M
2
l f sk
− M2nf sp ) ± |q
0 |λ
1
2 (q2‖, M
2
l f sk
, M2nf sp )
]
, (43)
qmin = min
(
qz,
Ml f sk − Mnf sp
|Ml f sk ± Mnf sp |
√
q2z + (Ml f sk ± Mnf sp )
2
)
, (44)
qmax = max
(
qz,
Ml f sk − Mnf sp
|Ml f sk ± Mnf sp |
√
q2z + (Ml f sk ± Mnf sp )
2
)
. (45)
The presence of the step functions in Eq. (39) dictates the kinematic domains in which the quantity g
µν
‖,⊥
ImW11µν (q‖) is non-zero.
It can now clearly be seen that, for q0 > 0 and q2
‖
> 0, the second term within the third bracket (the Unitary-II cut) of Eq. (39)
does not contribute.
9It is now straightforward to substitute Eqs. (20), (22) and (39) into Eq. (30) to get the DPR in presence of arbitrary external
magnetic field. It is to be noted that, in the calculation of DPR, one requires the value of the constituent quark mass M which
will essentially depend on the external parameters like temperatureT , chemical potential (µB) and/or external magnetic field (B).
In the next section, we will use the 2-flavour NJL model for the estimation of M = M(T, µB, B).
III. THE CONSTITUENT QUARKMASS IN THE NJL MODEL
The Lagrangian for the 2-flavour NJL model in presence of an external electromagnetic field characterized by the classical
four-potential Aextµ or the field strength tensor F
ext
µν = ∂µA
ext
ν − ∂νA
ext
µ is given by
LNJL = Ψ
(
iγµ∂µ − eQˆγ
µ(Aµ + A
ext
µ ) +
1
2
κˆσµνFextµν − m
)
Ψ + G
{
(ΨΨ)2 + (Ψiγ5 ®τΨ)2
}
(46)
where, Ψ =
(
u
d
)
is the quark flavour doublet, κˆ =
(
κu 0
0 κd
)
is the AMM flavour matrix, G is the coupling in the scalar channel
and m is the current quark mass. In the Mean Field Approximation (MFA), the constituent quark mass M can be obtained by
solving the gap equations. At B = 0, the gap equation reads [61],
M = m + 2GNc
∑
f ∈{u,d}
∫
d3k
(2pi)3
2M
ωk
[
Θ(Λ − |®k |) − f+(ωk) − f−(ωk)
]
(47)
where, Λ is the three-momentum cutoff that will regulate the Ultra-Violet (UV) divergences. For a constant magnetic field along
the zˆ direction ®B = Bzˆ, the gap equation becomes [47, 61]
M = m + 2GNc
∑
f ∈{u,d}
|e f B |
2pi
∞∑
l=0
∑
s∈{±1}
(1 − δ0l δ
−1
s )
(
1 −
sκ f B
M
f
l
)
×
∫ ∞
0
dkz
2pi
2M
ω
l f
k
[
Θ
(
Λ
2 − k2z −
®k2⊥nf s
)
Θ
(
®k2⊥nf s
)
− f +(ω
l f
k
) − f −(ω
l f
k
)
]
(48)
where, ®k2⊥nf s = 2n|e f B | + κ f B(κ f B − 2sM
f
n ) is the AMM dependent effective transverse momentum of the quarks. The two
step functions in the above equation respectively correspond to the UV and AMM blocking as discussed in Ref. [61]. Follwoing
Refs. [97], the values of the parameters of the NJL model are chosen as Λ = 587.9 MeV, G = 2.44Λ2 and m = 5.6 MeV. The
values of the AMM of the quarks are taken from Ref. [60] as κu = 0.29016 × eu GeV
−1 and κd = 0.35986 × ed GeV
−1.
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Figure 4. (Color Online) Variation of the constituent quark mass (M) as a function of temperature for different values of external magnetic
field and AMM of the quarks at (a) µB = 0 and (b) µB = 300 MeV.
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IV. NUMERICAL RESULTS
We begin this section by showing the variation of the constituent quark mass as a function of temperature for different values of
magnetic field, AMM and baryon chemical potential in Fig. 4. For all the numerical calculations in this work, we have considered
upto 2000 Landau levels. As can be noticed from the figure, in all the cases, M remains almost constant in the lower temperature
region (T - 100 MeV) and drops sharply at a particular temperature signifying the phase transition from chiral symmetry broken
to restored phase. The effect of increase of µB is found to decrease the transition temperature (though by a small amount) as one
expects in a typical QCD phase diagram. Since, we have taken m , 0, the chiral symmetry is only partially restored. Moreover,
when the AMM of the quarks is switched off (on), the graph of M at non-zero B remains always above (below) the corresponding
B = 0 graph. The constituent quark mass at B , 0 has a very strong dependence on the AMM of the quarks; for example, at
T ≃ 0 and eB = 0.10 GeV2, the constituent quark mass decreases about 40% when the AMM of the quarks is switched on. This
strong dependence of M on the AMM of the quarks can be understood from Eq. (46) in which the term proportional to κ is iγ1γ2
for constant magnetic field along zˆ direction. Considering the Dirac as well as Weyl representation of the gamma matrices, the
term iγ1γ2 is a diagonal matrix in Dirac space, which in turn effectively adds to m × 1Dirac in the Lagrangian. As it is well
known, the solution of the gap equation is highly sensitive to the value of m considered, which in turn leads to the strong AMM
dependence of the constituent quark mass.
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Figure 5. (Color Online) Dilepton production rate at qz = 250 MeV, T = 140 MeV, µB = 0 with different values of external magnetic field and
AMM of the quarks as (a) eB = 0.05 GeV2, κ = 0, (b) eB = 0.10 GeV2, κ = 0, (c) eB = 0.05 GeV2, κ , 0 and (d) eB = 0.10 GeV2, κ , 0.
The DPR at B = 0 is also shown for comparison.
Following Refs. [9, 10], we give a qualitative argument of how the external magnetic field enhances the chiral condensate,
which is opposite when compared to its role in the case of superconductivity. The chiral condensate is made of overall neutral
fermion-antifermion pairs, in contrats to the charged Cooper pairs. In a Cooper pair, the two electrons have opposite spins and
therefore opposite magnetic moments. Now, in the presence of a magnetic field only one of them can orient along the direction of
the field leaving the other one in a frustrating position. This results in a energy stress and tends to break the Cooper pair. However,
in the case of chiral condensate, the magnetic moments of the fermion (with a fixed charge and spin) and the antifermion (with
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Figure 6. (Color Online) Dilepton production rate at qz = 250 MeV, T = 140 MeV, µB = 300 MeV with different values of external magnetic
field and AMM of the quarks as (a) eB = 0.05 GeV2, κ = 0, (b) eB = 0.10 GeV2, κ = 0, (c) eB = 0.05 GeV2, κ , 0 and (d) eB = 0.10 GeV2,
κ , 0. The DPR at B = 0 is also shown for comparison.
the opposite charge and spin) can comfortably align along the direction of the magnetic field without producing any frustration
in the pair. This makes the chiral condensate ‘stronger’ and leads to the Magnetic Catalysis (MC) of chiral condensate. A similar
type of physical argument for the Inverse Magnetic Catalysis (IMC) in presence of AMM of the quarks is difficult to construct.
The possible reason could be an energy mismatch (could be due to the repulsive interaction in presence of AMM) between the
Left-handed (L) and the Righ-handed (R) quark-antiquark pair (note that 〈ψψ〉 = 〈ψLψR〉+ 〈ψRψL〉), which will tend to dissolve
the chiral condensate as happens in the case of color superconductivity where the Bardeen–Cooper–Schrieffer (BCS) pair breaks
down due to Fermi level mismatch arising out of isospin asymmetry [98].
Let us now proceed to show the numerical results for the DPR in the presence of external magnetic field. For our numerical
estimates, we have taken the lepton mass to be zero i.e. mL = 0. In Fig. 5, the DPRs at longitudinal net dilepton momentum
qz = 250 MeV, temperature T = 140 MeV and baryon chemical potential µB = 0 with different values of external magnetic field
and AMM of the quarks have been depicted as a function of the dilepton invariant mass
√
q2. Since the lepton mass mL is taken
to be zero, from Eq. (28), one obtains the threshold for the DPR production at B = 0 as the Unitary-I cut threshold of ImW
µν
11
(q)
which is
√
q2 > 2M(T, µB) (see Fig. 2) where M(T, µB) is the constituent quark mass. In Fig. 5, corresponding to T = 140 MeV
and µB = 0, the value of the constituent quark mass at B = 0 is M ≃ 350 MeV in turn making the DPR threshold
√
q2 & 750
MeV as can be clearly observed in the figure.
As already discussed, at B , 0 the DPR will have contributions from both the Landau as well as Unitary-I cuts (see Fig. 3). For
κ = 0, the Unitary-I and Landau cut thresholds respectively become
√
q2
‖
> 2M and
√
q2
‖
<
(√
M2 + 2|euB | − M
)
. Both these
thresholds increase with the increase in magnetic field which can be clearly seen by comparing Figs. 5(a) and (b). Moreover, the
threshold of the Unitary-I cut for B , 0 and κ = 0 is more as compared to that of B = 0 because of the fact that the value of the
constituent quark mass is larger at non-zero magnetic field when the AMM of the quarks is switched off as can be seen in Fig. 4.
At κ , 0, the Landau cut threshold is more than that of at κ = 0 as can be obtained from Eq. (38) whereas, the Unitary-I cut
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Figure 7. (Color Online) Dilepton production rate at qz = 250 MeV, T = 170 MeV, µB = 0 with different values of external magnetic field and
AMM of the quarks as (a) eB = 0.05 GeV2, κ = 0, (b) eB = 0.10 GeV2, κ = 0, (c) eB = 0.05 GeV2, κ , 0 and (d) eB = 0.10 GeV2, κ , 0.
The DPR at B = 0 is also shown for comparison.
threshold
√
q2
‖
> 2 |M − κuB | becomes smaller due to the introduction of non-zero values of the AMM of the quarks. Together
these two threshold modifications due to the AMMof the quarks, the gap between the Landau and Unitary-I cuts becomes smaller
with the increase in B at κ , 0. This behaviour can be seen if one compares Figs. 5(c) and (d) with (a) and (b). More interestingly,
at sufficiently high values of the magnetic field the Landau and Unitary-I cuts merge with each other as depicted in Figs. 5(d) at
eB = 0.10 GeV2.
For all the cases, in the B , 0 graphs, we can observe spike like structures spreading over all the allowed invariant mass
regions. The appearance of the spike like structure in any momentum space two point correlation function at B , 0 is an well
known phenomena. These spikes are basically “threshold singularities” that appears at each Landau levels as can be understood
from Eq. (39), in which the Källén functions in the denominators vanish at each threshold defined in terms of the step functions
in those equations. Irrespective of the spikes, the overall/average magnitude of the DPR at B , 0 is of same order as B = 0 and
at higher invariant mass region the graphs of B , 0 oscillate about the B = 0 graphs.
In Fig. 6, we have introduced non-zero baryon density taking T = 140 MeV and µB = 300 MeV. The plots in Fig. 6 are
qualitatively similar (in terms of the thresholds) to that of the plots in Fig. 5. This is due the fact that, the constituent quark mass
does not change significantly at µB ≃ 300MeV as can be seen from Fig. 4. However, because of the increase in density, the phase
space availability increases owing to an overall increase in the magnitude of the DPR as can be noticed on comparing Fig. 6 with
Fig. 5.
The DPR at T = 170 MeV with µB = 0 and 300 MeV are shown in Figs. 7 and 8. The only difference from Figs. 5 and 6 is the
increase in the temperature and baryon chemical potential for which the constituent quark mass M decreases (see Fig. 4) in all
the cases. This in turn decreases the threshold of the Unitary-I cut and increase the same of the Landau cut. It can be observed
that, at T = 170 MeV and µB = 300 MeV, the Landau and Unitary-I cuts have merged even at eB = 0.05 GeV
2 when the AMM
of the quarks is considered. Moreover, with the increase in temperature, the overall magnitudes of the DPR have increased as
compared to the T = 140 MeV because of the enhancement of the thermal phase space.
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Figure 8. (Color Online) Dilepton production rate at qz = 250 MeV, T = 170 MeV, µB = 300 MeV with different values of external magnetic
field and AMM of the quarks as (a) eB = 0.05 GeV2, κ = 0, (b) eB = 0.10 GeV2, κ = 0, (c) eB = 0.05 GeV2, κ , 0 and (d) eB = 0.10 GeV2,
κ , 0. The DPR at B = 0 is also shown for comparison.
In this work, we have considered the constituent quark mass (M) obtained from the gap equation in NJL model to be constant
in momentum space while, in principle M should have have momentum dependence. The momentum dependent quark mass
M = M(q) has been obtained earlier using Dyson-Schwinger approach to QCD [99–102] as well as in instanton-dyon model
calculations [103, 104] where M(q) is shown have a monotonically decreasing trend with the increase in q. The qualitative
behavior of M(q) is also confirmed in the lattice QCD simulations in Refs. [105, 106]. So in a more realistic situation where
M has additional momentum dependence, we expect that the DPR would have enhanced in the high invariant mass region with
respect to the case with constant M for a particular temperature.
Few more comments about the DPR obtained in this work are in order here. The non-trivial Landau cuts have appeared in the
physical kinematic region solely due to the external magnetic field and finite temperature. It can be noticed from Figs. 3 that,
there exists a kinematically forbidden gap ∆E between the Landau and Unitary-I cuts where the DPR is zero and ∆E is given by
∆E =
√
q2z + 4 (M − κuB)
2 −
√
q2z +
(√
M2 + 2|euB | + κuB − |M − κuB |
)2
. (49)
At vanising AMM of the quarks, the forbidden gap becomes ∆Eκ=0 =
√
q2z + 4M
2 −
√
q2z +
(√
M2 + 2|euB | − M
)2
, which is
always non-zero for any value of the external magnetic field. However, for κ , 0, at a certain value of the magnetic field,
the gap ∆E could be zero as can be obtained from Eq. (49). In Fig. 9, the quantity ∆E has been plotted as a function of
external magnetic field with different values of temperature, baryon chemical potential and AMM of the quarks for qz = 250
MeV. As can be seen from the figure, irrespective of κ, ∆E shows oscillatory behaviour with external magnetic field which is
due to the fact that the constituent quark mass M is itself an oscillatory quantity in presence of external magnetic field (see
Refs. [23, 24, 53, 60, 61, 107, 108]) and can be attributed to the well-known de Haas-van Alphen (dHvA) effect [109]. Also,
when the AMM of the quarks is not considered, the overall magnitude of ∆E remains almost constant and finite with the increase
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Figure 9. (Color Online) Variation of the kinematic gap ∆E as a function of external magnetic field at qz = 250 MeV and at different values of
temperature and AMM of the quarks for baryon chemical potential (a) µB = 0 and (b) µB = 300 MeV.
in external magnetic field maintaining the finite gap between the Landau and Unitary-I cut. However, switching on the AMM
of the quarks leads to a monotonic decrease of ∆E with magnetic field and at some value of eB, ∆E becomes zero leading to
a continuous spectrum of dilepton yield over the whole invariant mass region. Moreover the value of the magnetic field BC at
which the gap becomes zero decreases with the increase in temperature as can be noticed by comparing the blue and purple
curves of Fig. 9 which is due to the decrease in the constituent quark mass with temperature. Finally comparing Fig. 9(a) with
Fig. 9(b), we also notice that, BC also decreases with the increase in baryon chemical potential which is due to the decrease in
the constituent quark mass with density.
V. SUMMARY & CONCLUSIONS
In summary, we have calculated the DPR using the 2-flavour NJL model in presence of arbitrary external magnetic field at
finite temperature and baryon density with AMM of the quarks. Using the RTF of finite temperature field theory and the full
Schwinger proper-time propagator, we have evaluated the current-current correlator in the vector channel in a thermo-magnetic
dense medium. The NJL model is used to obtain the temperature, density, magnetic field and AMM dependent effective quark
mass M which in turn is used in the expression of the DPR.
We find that, the DPR at non-zero magnetic field has contributions both from the Unitary as well as the Landau cuts
corresponding to the physical time-like and positive energy dilepton production. The Unitary cuts (corresponding to the
decay/formation processes) are also present at zero temperature and zero external magnetic field whereas the non-trivial Landau
cuts (corresponding to the scattering processes) in the time-like domain appear only at finite temperature and due to the non-zero
external magnetic field. In particular, the Landau cuts lead to the physical processes as time-like positive energy photon emission
or absorption by a quark/antiquark in magnetized hot quark matter which is forbidden in zero magnetic field case due to kinematic
constraint. Moreover, on analyzing the analytic structure of the two-point correlator, we have seen that the thresholds of the
Unitary and Landau cuts have non-trivial dependence on the magnetic field as well as the AMM of the quarks. The DPR obtained
is found to be largely enhanced in the low invariant mass region due to the appearance of the Landau cuts. Finally, we have
shown that, there always exists a kinematic region between the Landau and Unitary-I cut where the DPR is zero if the AMM
of the quarks is switched off irrespective of the value of the external magnetic field. However, considering finite AMM, of
the quarks, this forbidden gap monotonically decreases to zero with the increase in external magnetic field. This results in a
continuous spectrum of dilepton emission over the whole range of invariant mass which is a novel finding not observed in earlier
calculations [81–89].
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